INTRODUCTION {#SEC1}
============

Molecular-based methods for providing identification and species-level differentiation have proven to be very useful in phylogenetic studies, diagnostics and epidemiological surveillance, particularly where unusual phenotype makes the classical phenotypic identification difficult.

Typical differentiation methods are often challenged when high genetic similarity is shared among species/strains. DNA--DNA hybridization (DDH) is still considered the gold standard in bacterial taxonomy, but the labor-intensive and error-prone nature of DDH experiments and the limited information provided (only DDH values) prevents the establishment of a comparative database and incremental data use ([@B1],[@B2]). Given that next-generation sequencing has delivered a rapid and cost-effective approach to obtaining whole-genome sequences of microbial strains, the analysis of genome sequence similarities has emerged as a natural replacement for DDH. Most notably, the existence of standard operating procedures for calculating genome-to-genome distances allows the re-use of genome sequence information in any subsequent comparisons and multiple ways of analysis in assessing taxonomic relationships, discovering new taxa and sharing data between researchers ([@B3],[@B4]). Currently, the Genome-to-Genome Distance Calculator web service, implementing the Genome-BLAST Distance Phylogeny (GBDP) method, provides the highest correlation to conventional DDH ([@B5]).

We have shown in previous works that whole peptide fingerprinting can be used to complement the outputs of GBDP, i.e. experimental mass spectra may be used to cluster the bacteria, and more specifically it has been found useful for bacterial classification at the species and subspecies levels ([@B6]--[@B8]). However, till date, no *in silico* software facilitates phylogeny inference by peptide fingerprinting.

Hereby, we present the Peptidomes for Phylogenies (P4P) server, which is the first web service to enable the *in silico* inference of bacterial taxonomy through the analysis of peptidomes. While following the same general principle of existing mass spectrometry approaches, our *in silico* peptide fingerprinting methodology uses whole genome data and *in silico* protein digestion to infer bacterial taxonomy, namely at the species and subspecies levels ([@B9]). The primary aim is to be able to generate a valid and manageable list of peptides that are potentially specific to each strain. Most notably, our methodology has been proven to support accurate phylogenetic reconstruction for conventionally challenging groups of organisms, such as the *Bacillus cereus* group of organisms (in combination to GBDP) ([@B9]) and the group of organisms in *Bifidobacterium* species ([@B10]). These differential peptide profiles could then be further investigated using *in vitro* approaches, such as LC-MS/MS, laying a foundation for the development of biomarker detection and application-specific methods. Notably, P4P can be of interest for applications handling large proteomic datasets, as it is able to reduce larger amounts of proteomic data to small matrices while maintaining high phylogenetic resolution.

MATERIALS AND METHODS {#SEC2}
=====================

Processing method {#SEC2-1}
-----------------

P4P web service integrates well-established software tools, such as PSortB ([@B11]), mzJava ([@B12]), some algorithms from SPECLUST ([@B13]) and MrBayes ([@B14]). The subcellular locations of the proteins are predicted using the PSortB v3.0 tool. P4P resorts the mzJava tool to digest the proteins, using the major intestinal endoproteases, i.e. trypsin, chymotrypsin and pepsin (low specificity model, ph \> 2).

The list of peptides for each strain is sampled based on peptide size, isoelectric point, subcellular location and digestion enzymes. SPECLUST tool is used to identify representative and reproducible peak masses that are present in all spectral profiles of replicates. The consensus spectra matrix is translated to a binary matrix (representing absence or presence of a given peptide mass) in NEXUS file format ([@B15]), which is then used to feed MrBayes for phylogenetic analysis purposes.

Since the analysis may be time consuming depending on the number and size of the uploaded data, P4P analysis runs in background and the user is provided with the link of the project\'s page so that the project status can be consulted at all times. In addition, if the user provided an email of contact, when a long process (such as uploading a project or generating a NEXUS file) finishes, the user will be notified by email.

Inputs and outputs {#SEC2-2}
------------------

P4P can be used to analyze different peptide datasets, from bacteria to viruses, eukaryotic species or even metaproteomes, with the inclusion of few modifications regarding the prediction of the protein subcellular location (i.e. a virus cannot be classified as Gram positive or Gram negative). This could be of interest for developing more efficient applications, aimed at managing very large bacterial datasets, such as those required for epidemiologic studies. P4P has two main applications: The tool can accept as input whole proteome data ('.faa' files) obtained from *in silico* methods. This data can be used to generate more or less large strain-specific peptide lists or peptidomes. These peptidomes enable the construction of phylogenetic trees, by running Speclust and MrBayes processes, which are the main outputs. In addition, user can plot protein distribution by subcellular location, isoelectric point and peptide length. A second output is the identification of strain-specific peptides, which can be used to trace back the source protein. This list of peptides may facilitate the development of biomarker detection and application-specific methods (e.g. a dairy starter or a probiotic that has to be traced through the human gut during clinical intervention studies).P4P can also accept as input experimental mass-to-charge lists originated from mass spectrometers, preferably \[M+H\]+ monoisotopic lists of masses in Da. This application can be used for handling large datasets, as happens in epidemiological studies, given the ability of the pipeline to handle peptide subsets in binary format whilst keeping the phylogenetic signal. If traced back, our application allows the detection of differential peptide profiles, providing a robust tool to discriminate not only strain-specific peptides, but also true intra-species differences among a set of biological replicates or even microorganism-phenotype variations (e.g. those occurring between biofilm and planktonic populations, or between very close bacteria strains).

Advanced options and customization {#SEC2-3}
----------------------------------

When running peptidome similarity analysis for whole proteome data obtained from *in silico* methods, the server allows the specification of the minimum and maximum thresholds for the peptide length and the isoelectric point, as well as the set of digestion enzymes and the protein subcellular locations to be considered in order to diminish the amount of data handled by the service.

P4P enables the use of three proteases representing the major intestinal endoproteases. In turn, subcellular location defines the putative location of the protein in the cell. This information is relevant because, for instance, extracellular proteins are used by the bacterium to communicate with its environment and thereby could help in bacteria differentiation. Finally, the establishment of peptide length and isoelectric point value ranges and the analysis of value distribution may help the user to narrow down the investigation, i.e. looking into a peptidome subset or, in turn, to identify the need to consider different subsets in order to able to achieve the desired differentiation.

RESULTS {#SEC3}
=======

Web service {#SEC3-1}
-----------

From the user perspective, the analysis implemented in P4P consists of the following steps: (i) input of completely sequenced genomes or experimental mass-to-charge lists, (ii) *in silico* digestion of proteins using human gut endopeptidases and (iii) comparison of the peptides according to their theoretical mass (peaks) and subsequent computation of consensus peak sets. After initial data processing (Figure [1A](#F1){ref-type="fig"}), the project is ready to generate the phylogenetic tree (Figure [1B](#F1){ref-type="fig"}). The user may select all peptides or filter them by peptide length, isoelectric point, subcellular location and/or digestion enzymes (Figure [1D](#F1){ref-type="fig"}). Peptidome analysis aims to identify the peak masses that are representative of the spectral profiles (Figure [1C](#F1){ref-type="fig"}). The resulting consensus spectra matrix is translated to a binary matrix that is used to generate a Bayesian phylogenetic tree (Figure [1E](#F1){ref-type="fig"}).

![Screenshots of the web service running the analysis of the extracellular peptidomes of *Bifidobacterium animalis* subsp. *lactis* strains (case study number 2) during data upload (**A**), after data upload (**B**), while exploring distribution charts (**C**), during generation of Bayesian phylogenetic tree (**D**) and after generation of the Bayesian phylogenetic tree (**E**).](gkx389fig1){#F1}

Case study 1: *Bacillus cereus* species complex {#SEC3-2}
-----------------------------------------------

The methodology supporting P4P service was applied to the reconstruction of the *B. cereus* species complex, namely the differentiation of *Bacillus thuringiensis, Bacillus anthracis* and *B. cereus* strains ([@B9]). Results show that our method, as opposed to genome-sequence homology, is complementary to the proteome-based GBDP analysis and confirmed previous reports of this technology about the misclassification of many strains within the *B. cereus* group ([@B14],[@B15]). Another important aspect of this evaluation refers to the computational complexity simplification generated by the P4P method, which was proven to reduce larger amounts of proteomic data to small matrices without losing phylogenetic signal. Therefore, P4P is considered of interest for developing more efficient applications aimed at managing very large bacterial peptide datasets, such as those generated in epidemiologic studies. Input data are provided in [Supplementary Material S1](#sup1){ref-type="supplementary-material"} and as an example dataset in the web service. Also, some complementary benchmarking data is available in [Supplementary Material S4](#sup1){ref-type="supplementary-material"}.

Case study 2: *Bifidobacterium animalis* subsp. *lactis* strains {#SEC3-3}
----------------------------------------------------------------

P4P pipeline was applied to the analysis of the peptidomes of publicly available *Bifidobacterium animalis* subsp. *lactis* strains, which have a genome identity of 99.975% ([@B16]), with the purpose of facilitating the identification of biomarkers and the development of application-specific detection methods ([@B10]). *B. animalis* subsp. *lactis* is by far the bifidobacteria more used in functional food products ([@B17]), and it is usually the sole viable bifidobacteria species in fermented milks ([@B18]). Proper strain identification is a very valuable trait for both producers and consumers, as close probiotic strains may have different effects on host health (i.e. at the immunomodulation level) ([@B19]). P4P peptidome-based trees were fairly similar to those generated by single nucleotide polymorphisms (SNP)/insertion-deletion polymorphism-based allelic typing ([@B20]). Yet, our method enabled the identification of specific peptides in each of the strains, specifically more than 50 specific peptides per strain, which could be used to construct antibody-based tests and thus, may efficiently detect a defined strain in fermented milks or within the gut microbiota during clinical trials. Input data are provided in [Supplementary Material S2](#sup1){ref-type="supplementary-material"} and as an example dataset in the web service.

Case study 3: *Ralstonia solanacearum* species complex {#SEC3-4}
------------------------------------------------------

The peptide mass fingerprints of 27 strains of the plant pathogen *Ralstonia solanacearum*, produced using MALDI-TOF-MS, are provided as an example of an experimental mass-to-charge dataset. Note that usually this data consists of \[M+H\]+monoisotopic lists of masses. These data originated from an experimental study that based on genomic and proteomic evidence supported the division of the *R. solanacearum* species complex into three species ([@B21]). Classification of *R. solanacearum* species complex has been matter of controversy during the last 50 years, and a taxonomic review was mandatory in order to better cluster different groups of this microorganism for better optimize applications such as identification of resistance to bacterial wilt, or identification of new pathogenic strains.

P4P analysis based on the proteomic profiles was consistent with the classification obtained in this study using different whole genome based distances, including GBDP, showing against the complementary features that peptidomes can add to genome sequencing. Moreover, that work showed the discriminative potential of peptidome similarity analysis (i.e. identification and comparison of unique peptide profiles) as well as the ability of P4P to work with both *in silico* and experimental proteomic data. Input data are provided in [Supplementary Material S3](#sup1){ref-type="supplementary-material"} and as an example dataset in the web service.

DISCUSSION {#SEC4}
==========

We have introduced P4P, a novel *in silico* peptidome fingerprinting tool to explore similarities between microbial proteomes and simplify the process of obtaining new biological insights into their phylogeny. P4P is a versatile tool that can help biologists in many ways, for example, improving phylogenetic analyses in challenging taxonomic groups, biomarker identification or epidemiologic studies. Our method is complementary to *in silico* DNA-to-DNA hybridization and, if tuned adequately, has the ability to reduce large peptidome datasets without losing phylogenetic signals (see benchmarking data in [Supplementary Materials S4 and 5](#sup1){ref-type="supplementary-material"}). Moreover, experimental peptidomes can be obtained from single bacteria cultures to small consortia or even complex populations such as the human gut microbiota.

P4P allows the discrimination of strain-specific peptides, true intra-species differences among biological replicates, or even microorganism-phenotype variations. Indeed, the flexible customization options of P4P can be used to analyze different peptide datasets, i.e. bacteria, viruses, eukaryotic species and metaproteomes. Also, it is able to work with whole proteome datasets as well as experimental mass-to-charge lists originated from mass spectrometers.

Continued efforts are being made to optimize the speed, file size capacity and rendering features of the tool. In future releases of P4P we expect to be adding support for MS/MS data. more functionality with regard to downstream data processing, namely a more powerful tree viewer, support for a larger set of tree data export formats and enable user customization of SPECLUST and MrBayes parameters. We believe that P4P is a valuable time-saving resource that will become an integral part of the day to day work of many research groups worldwide.
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======================
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[Supplementary Data](#sup1){ref-type="supplementary-material"} are available at NAR Online.
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